INTRODUCTION
D-Psicose is poorly absorbed in digestive tract and produces almost no energy, and thus is a valuable source for preparing low-calorie sweetener as food additive (Matsuo et al., 2002) . In diabetic patients, the supplemental D-psicose might be helpful in preventing post prandial hyperglycemia (Matsuo et al., 2001; Matsuo and Izumori, 2006) . D-Psicose is a rare sugar that exists in small quantities in nature and is difficult to synthesize chemically. Therefore the most promising approach to produce D-psicose is to use enzymatic reaction (Granström et al., 2004) . The Pseudomonoas cichorii D-tagatose 3-epimerase (DTEase), which belongs to the DTEase family, can convert D-tagatose and D-fructose to D-sorbose and D-psicose, respectively, by catalyzing the epimerization at carbon-3 (C3) position (Izumori, 1995 (Izumori, , 2002 Kim et al., 2008; Samuel and Tanner, 2002) (Fig. 1) . More recently, a putative Agrobacterium tumefaciens DTEase has been renamed as DPEase because it converts D-psicose more efficiently (Kim et al., 2006a) . The bioconversion rate of D-psicose for the enzyme is 32.9%, higher than the 20% for that of P. cichorii DTEase (Itoh et al., 1994) . The newly identified DPEase attracts enormous commercial interest and would be widely used for rare sugar production in the future.
The epimerization activity of DTEase from P. cichorii was the highest for D-tagatose, and it decreased with the order of (Izumori, 1995) , whereas the DPEase from A. tumefaciens showed the highest activity for D-psicose (Kim et al., 2006a) . The optimal pH and temperature of P. cichorii DTEase are pH 7.5 and 60°C, whereas A. tumefaciens DPEase has pH 8.0 and 50°C. A third DTEase found in Rhodobacter sphaeroides has the highest activity to D-fructose. However, its bioconversion rate of D-psicose is 23% (40°C, pH 9.0), lower than the 32.9% rate of A. tumefaciens DPEase (Zhang et al., 2009 (Kim et al., 2006b ). Mutagenesis and structural analyses proved that some conserved active site residues are critical for activity (Kim et al., 2010a (Kim et al., , 2010b . The structures of P. cichorii DTEase and its complex with D-tagatose and D-fructose have also been solved (Yoshida et al., 2007) . These enzymes share several structural and functional features in common. However, the reason why DPEase has higher specificity for D-psicose than D-fructose remains unclear. Clostridium cellulolyticum DPEase was recently characterized as a new member of DPEase (Mu et al., 2011) . The optimal temperature for the enzyme reaction is 55°C. Different from A. tumefaciens DPEase, its activity is strictly dependent on metal ions and exhibits a maximal activity in the presence of Co 2+ (100% activity) or Mn 2+ (retained 92.7% activity). Moreover, Clostridium cellulolyticum DPEase has almost the same bioconversion rate of D-psicose (32%) as A. tumefaciens DPEase, but possesses a remarkable thermostability and the half-life is approaching 9.5 h at 55°C, much longer than the 8.9 min of A. tumefaciens DPEase (Kim et al., 2006a) . The unique enzyme properties make C. cellulolyticum DPEase an attractive and potential candidate for further industrial application. In this study, to understand the relationship between the structure and function of C. cellulolyticum DPEase, we crystallized the apo-enzyme as well as the substrate-bound and product-bound complexes with D-psicose, D-fructose, D-tagatose and D-sorbose. The determination and analysis of these structures could give us more information about substrate specificity and catalytic mechanisms of C. cellulolyticum DPEase. The results not only provide us with more clues to the catalytic mechanism, but also with detailed structural information for future enzyme engineering to enhance the production of D-psicose from D-fructose.
RESULTS AND DISCUSSION

Overall structure
The crystals of C. cellulolyticum DPEase in this study all belong to the space group P2 1 . To better understand the catalytic mechanism and substrate specificity, we also solved four different ketohexose complex structures. The apoenzyme crystals are used to soak with four ketohexoses in the cryoprotectant. C. cellulolyticum DPEase crystallizes as a tetramer in an asymmetric unit and all soaked ketohexoses electron densities were clearly seen in each active site. The monomer structure of the C. cellulolyticum DPEase has eleven α-helices and eight β-strands that form a (β/α) 8 TIM barrel fold with three additional short α-helices α1', α6' and α8' that follow β1, β6 and β8 ( Fig. 2A and supplementary Fig. 1 (Fig. 2C ). There are two different interfaces in a tetrameric DPEase: the dimeric interface between two subunits in a dimer (MolA-MolD, MolB-MolC) and the tetrameric interface between two dimers ( Fig. 2C and 2D ). The similarities comparing our DPEase with A. tumefaciens DPEase and P. cichorii DTEase found were 60% and 42%, respectively. Compared with the structures of P. cichorii DTEase (2QUL) (Yoshida et al., 2007) and A. tumefaciens DPEase (2HK0) (Kim et al., 2006b) , the monomers in C. cellulolyticum
DPEase tetramer are assembled in a similar way as those in A. tumefaciens DPEase but not in P. cichorii DTEase. Although the monomers and dimers are similar, the two dimers of P. cichorii DTEase are related in a different way than those in the other two enzymes. Nevertheless, all monomers are ). Interestingly, the C. cellulolyticum DPEase has higher optimal temperature and thermostability than A. tumefaciens DPEase (Mu et al., 2011) . The optimal temperature for the C. cellulolyticum DPEase for maximum activity is 55°C versus 50°C for the A. tumefaciens DPEase (Mu et al., 2011) . The C. cellulolyticum DPEase also has higher thermostability than the A. tumefaciens DPEase (55°C, 9.5 h for the C. cellulolyticum DPEase and 50°C, 8.9 min for the A. tumefaciens DPEase). The stronger interactions and tighter tetramer formation may contribute to the higher thermostability and optimal temperature.
Active site and substrate binding
A Mn 2+ ion in coordination with four residues (E150, D183, H209 and E244) and two water molecules is seen in the active site of C. cellulolyticum apo-form DPEase (supplementary Fig. 2 ). Although there is no major conformational change between the apo-form and substrate/product complex structures, there are slight alterations in the active site structure upon binding to substrate/product. For example, from the D-psicose complex structure, some hydrophobic residues in the active site (e.g. Y6, F246, W14, and W112) moved toward the bound D-psicose (Fig. 3A) . Moreover, conformational changes in some polar residues (E150, E156, H208 and E144) occurred to form the hydrogen bonds with D-psicose. The observed eclipse configuration of O2 and O3 for bound D-psicose and D-fructose or D-tagatose and D-sorbose indicates a rotation of the C2-C3 bond (Fig. 3B) . The electron density map of each ketohexose clearly shows that the carbonyl oxygen O2 and hydroxyl group O3 of each ketohexose are coordinated with Mn 2+ (Fig. 2B and supplementary Fig. 3 ). The detailed interactions between the active site residues of C. cellulolyticum DPEase with D-psicose, D-fructose, D-tagatose and D-sorbose are depicted in Fig. 4 . From the DPEase-PSI structure (Fig. 4A) , the O1 of D-psicose makes hydrogen bonds with E156, H186 and R215. The O2 makes hydrogen bonds with E150, D183 and H186. E150 and E244 make hydrogen bonds with O3 and play an important role in an epimerization reaction at the C3 position. The O4, O5 and O6 make hydrogen bonds with H209, E244 and Y6, respectively. From DPEase-FRU structure (Fig. 4B) , the O1 of D-fructose makes hydrogen bonds with E156 and R215. The O2 makes hydrogen bonds with D183, R215 and E244. Glu150 makes two hydrogen bonds with O3. The O4 and O6 make hydrogen bonds with H209 and Y6, respectively. The detailed hydrogen bonding interactions of each ketohexose complex structure are shown in supplementary Table 2 . Epimerization activities of the C. cellulolyticum DPEase and other DPEase/DTEase for various substrates are very different (Izumori, 1995; Kim et al., 2006a; Zhang et al., 2009 ). The substrate specificity of the C. cellulolyticum DPEase was similar to the A. tumefaciens DPEase, and is somewhat different from the P. cichorii DTEase and the R. sphaeroides DTEase. The C. cellulolyticum DPEase prefers using D-psicose to D-fructose, D-tagatose and D-sorbose in a decreasing order, and the relative activities are 100%, 48.2%, 4.9% and 0.9%, respectively (Mu et al., 2011) . The epimerization activities of the C. cellulolyticum DPEase for D-tagatose and D-sorbose are very low when compared to that for D-psicose. Previous kinetic studies have shown that the k cat /K m of the C. cellulolyticum DPEase for D-psicose was 2.97-fold higher than that for D-fructose and the K m of the C. cellulolyticum DPEase for D-psicose was 3.52-fold lower than that for D-fructose (Mu et al., 2011) . From our refined C. cellulolyticum DPEase complex structures, that the affinity for D-psicose was higher than D-fructose may be attributed to the formation of more hydrogen bonds between D-psicose and the enzyme. Based on our C. cellulolyticum DPEase structures in complex with D-tagatose and D-sorbose, there are fewer hydrogen bonds formed between the enzyme and these sugars (D-tagatose and D-sorbose) (Fig. 4C and 4D) . When comparing four substrate/product complex structures carefully, Y6 and E244 may be very important for binding and E244 may also play an important role in catalysis (will be mentioned later). To figure out if Y6 and E244 are important for substrate/product binding, the total hydrogen bonds formed from these four complex structures were analyzed. For the D-psicose binding, there are four hydrogen bonds formed (E244 provides 3 direct hydrogen bonds and Y6 provides 1 hydrogen bond). For the D-fructose binding, there are three hydrogen bonds formed (Y6 provides 1 hydrogen bond and E244 provides 2 direct hydrogen bonds). For the D-tagatose and D-sorbose binding, there are only one and two direct hydrogen bonds formed by Y6 and E244 residues, respectively ( Fig. 4C and 4D ). As mentioned above, the C. cellulolyticum DPEase has very low relative activity against D-tagatose (4.9%) and D-sorbose (0.9%). Although there was an additional hydrogen bond for D-sorbose compared with D-tagatose, Y6 did not bind to the O6 as for the D-tagatose and D-sorbose. That might not be the adequate configuration/orientation for Y6 to bind with and may cause the enzyme to show the worst activity for D-sorbose.
Catalytic mechanism
Based on the proposed catalytic mechanism of A. tumefaciens DPEase, one of the two Glu residues (E150 and E244) coordinated with the Mn 2+ metal first removes a proton from C3 to generate a cis-enediolate intermediate, and then the other Glu residue protonates C3 on the opposite side. However, there was no direct structural information to support this hypothesis before. In this study, we successfully determined both substrate-bound and product-bound complex structures of C. cellulolyticum DPEase (Fig. 5) . The distance between E244 of the enzyme and C3 of the bound D-fructose is 2.6 Å and this indicates that the E244 firstly removes a proton from C3 and then E150 pronates C3 on the opposite side. However, the distance between E150 of the enzyme and C3 of the bound D-psicose is 2.8 Å and the reverse reaction would involve deprotonation/protonation by E150/E244, respectively. Our substrate-and product-bound structures provide a more clear view to the question of how the ionization state of E150 and E244 is altered during epimerization by C. cellulolyticum DPEase. The apo-enzyme and complex structures presented in this study will provide us with a structural basis for protein engineering and may further improve the enzyme's relative activity and yield of bioproduction from D-fructose to D-psicose. As we know, D-tagatose is also an important rare sugar and can be widely used in a variety of industries (e.g. food industry). It has many health benefits, such as promotion of weight loss and suppression of glycemic effect (Oh, 2007) . Based on our structural information, it might also be possible to engineer this enzyme to increase the relative activity and improve the production of D-tagatose from D-sorbose by site directed mutagenesis to better recognize the 4, 5, 6-OH of D-sorbose.
MATERIALS AND METHODS
Protein expression and purification
The full-length nucleotide sequence of the DPE gene from C. cellulolyticum H10 was synthesized and cloned into the pET-21a vector.
Then the recombinant C. cellulolyticum DPEase plasmid was transformed into E. coli BL21 (DE3) for protein expression. The E. coli Table 1 .
Structure determination and refinement
The initial phase of C. cellulolyticum DPEase was determined by using molecular replacement method (MR) with PHASER (McCoy et al., 2007) in CCP4 program suite (Potterton et al., 2003) , and the A. Table 1 .
